The indicator fractionation technique using a diffusible indicator as a tracer for the determination of CBP has been used for numerous investigations of the cerebral circulation and its pathophysiology. The diffus ible tracer is "trapped" in the brain based on the proper delay between tracer injection and cessation of the cere bral circulation by decapitation before the appearance of the tracer in the cerebral venous circulation. If this delay is too long, the quantitative assumption of the indicator fractionation technique will not be met, and CBP values will be underestimated. In 13 Sprague-Dawley rats anes thetized with pentobarbital, the appearance of [14CJiodo antipyrine at the torcular was assessed as a function of
CBF has been measured accurately since the in troduction of the Kety-Schmidt technique (Kety and Schmidt, 1948) . Many blood flow methods rely on the accumulation in and clearance from brain of diffusible indicators that are freely permeable to the blood-brain barrier. In contrast, the indicator frac tionation method, originally presented as a method to determine the fractional distribution of cardiac output, depends on the trapping of the tracer in tis sue (Sapirstein, 1958) . A modification of this tech nique for the brain introduced the use of a diffusible indicator that was allowed to recirculate (Goldman and Sapirstein, 1973) . Currently, the indicator frac tionation technique for brain blood flow is used with PaC02' An inverse linear relationship between Pac02 (in millimeters of mercury) and cerebral venous appearance, Ta (in seconds), was established with the regression equa tion Ta = -0.0842' PaCOZ + 12. 3 (R 2 = 0.70. slope significantly different from zero, p < 0. 001). Ta varied between 5 and 12 s and Pac02 varied between 84 and 18 mm Hg, respectively. Thus, in low-flow states. the de capitation time may be lengthened to 12 s, whereas in high-flow states, the time must be 5 s to eliminate the possibility of backflux of tracer out of the brain. Key Words: Indicator fractionation technique-Cerebral ve nous appearance-Iodoantipyrine-Carbon dioxide reac tivity-Torcular Herophili-Rats. a diffusible indicator (Van Uitert and Levy, 1978; Gjedde et aI., 1980) , although no recirculation or clearance from the brain is assumed. The animal is decapitated before the diffusible indicator, such as [14C]n-butanol or e4C]iodoantipyrine e4C-IAP), can leave the brain. This assumption is based on choosing the proper interval between the bolus in travenous injection of the tracer and decapitation. This interval is composed of the transit time be tween the intravenous injection site and the brain and the transit time into, but not out of, the brain. However, the transit time into the brain is clearly related to blood flow. Thus, the ideal interval be tween injection and decapitation changes as a func tion of CBF. At high CBFs, a short interval is needed, whereas at low CBFs, a longer interval can be tolerated. The purpose of this study is to define the limits of this interval for various levels of P aCo" one of the major determinants of CBF (Reivich, 1964) . The potential exists for the widely used indi cator fractionation technique (Dirnagl et aI., 1989; Lauritzen, 1984; Jones et aI., 1989a; Pulsinelli et aI., 1982; Brint et aI., 1988; Shockley and LaManna, 1988; Sage et al. , 1981; Graham et al. , 1987) to be used inaccurately unless the interval is short enough at high CBF values.
METHODS
Experiments were performed on 13 male Sprague Dawley rats weighing 426 ± 79 g (mean ± SD). Surgical procedures were performed after the intraperitoneal ad ministration of 50 mg/kg of sodium pentobarbital. Supple mental intravenous doses were given to maintain the ex tinction of the corneal reflex. After tracheostomy the rats were mechanically ventilated with a mixture of 70% ni trogen and 30% oxygen. Polyethylene catheters were in serted in both femoral arteries to monitor MABP and sample arterial blood, and in both femoral veins to ad minister drugs and radioactive tracer. Rectal temperature was maintained at 37°C with a servo-controlled heating lamp. Animals were positioned prone in a head holder and the torcular Herophili was exposed under a 3mm-diameter burr-hole.
The pH, PaCOZ' Paoz, and hemoglobin concentration were determined from 120-j.Lm samples of arterial blood (ABL3, Radiometer, Copenhagen, Denmark). PaCOZ was raised or lowered by introducing 2-5% COz to the inspi ratory gas mixture or by hyperventilation, respectively. Four levels of P aCoZ were used as targets: 20, 35, 65, and 80 mm Hg. Heparin (100 IV, heparin sodium 1,000 IV/ml) was administered intravenously. When the desired Paco2 was achieved, the dura above the torcular was carefully pierced by a 21-gauge needle. Baseline arterial and cere bral venous blood samples were taken by touching 20-j.Lm capillary tubes to the momentarily opened end of the ar terial catheter and the torcular opening, respectively. 14C_ lAP, 100 j.LCi/kg, in 0.3 ml of saline was given as an intravenous bolus. Timed arterial and cerebral venous blood samples were collected at 1-3-s intervals for at least 20 s. The volume of the blood samples in partially filled capillary tubes was determined by comparing the length of the sample to the known volume of a filled tube. The blood samples were spotted on filter paper, dried, and counted in a liquid scintillation counter.
The cerebral venous appearance time, defined as the interval between intravenous injection and the appear ance of 14C_IAP at the torcular, was determined as the time at lie = 0.37 of the maximum value of the cerebral venous concentration curve for each animal, as depicted in Fig. IA . The criteria of 0.37 of the peak was chosen to eliminate the very early cerebral venous appearance of 14C_IAP in the high Pacoz groups, compared with the low P aCoZ groups. The very early appearance of activity at the torcular in the high and very high P aCoZ groups was pre sumably caused by arterial-venous shunting of that por tion of the tracer that did not pass into the brain. At high flows (> 180 ml 100 g -1 min -1), the transport of 14C_ lAP across the blood-brain barrier into the brain is diffusion limited (Van Vitert et aI., 1981) .
Linear regression analysis was used to assess the effect of the independent variable, Pacoz, on the dependent variables, including physiological parameters and the ce rebral venous appearance time. For the purposes of com parison between PaCOZ groups, the mean and SD are re ported. A two-tailed Student's t test between the slope determined from linear regression and a slope of zero was performed to assess statistical significance. A p < 0.05 was considered significant. 3   10  20  30  40  50  60  70  80  90 PaCO, (mmHg) 
RESULTS

Physiological Data
Physiological data are summarized in Table 1 . The Pac02 in the four groups was 18. 6 ± 0. 7 (low), 36.2 ± 2.3 (normal), 62. 0 ± 3. 5 (high), and 80. 8 ± 4.2 (very high) mm Hg (mean ± SO). The linear regression slope of pH (p < 0.001) and P a02 (p < 0. 01) with Pac02 as the independent variable were significantly different from zero, as expected: Both of these parameters depend on respiration rate or inspired CO2, No significant difference was noted for the effect of P ac02 on hemoglobin concentration or MABP.
An example of the arterial and cerebral venous time course curves is shown in Fig. IA . There is a delay of approximately 6 s between the initial rise of the arterial curve (left axis) and the initial rise of the cerebral venous curve (right axis). Fig. IB shows the plot of cerebral venous appear ance time (seconds) versus P ac02 (millimeters mer cury) with the linear regression fit and 95% confi dence limits. This line has the equation T a = -0.0842 . Pac02 + 12. 3. The coefficient of deter mination is 0. 70 and the slope is significantly differ ent from zero (p < 0.001). This relationship shows that as P ac02 rises from 20 to 80 mm Hg, the cere bral venous appearance time decreases from II to 5. 5 s. The 95% confidence limits cover a range of plus and minus 10-35% of the mean, depending on the level of Pac02. (In(CBF) -A) / k] -b, obtained by combining the linear regres sion fit between Ta and P ac02 with slope m and intercept b (T a = m . P ac02 -b) and the Pac02 re activity of normal rat cortex, defined by CBF = A· exp(k . Pac02), where A = 50. 6 ml 100 g� 1 min� l and k = 0. 0247 mm Hg--1 (Jones et aI. , 1989a) . This relationship suggests that as CBF in creases from 20 to 300 ml 100 g � I min -I, the ap-pearance of 14 C_IAP at the torcular after intrave nous administration shortens from 16 to 7 s.
DISCUSSION
Quantitation of CBF with the indicator fraction ation technique is similar to quantitation with the microsphere technique (Marcus et aI. , 1976) . How ever, with a diffusible tracer such as 14 C_IAP, in contrast to 15 fLm-diameter microspheres, a term for incomplete extraction must be included. The fraction of 14 C_IAP extracted by the brain at time T, E(T), is included in the working equation for CBF (Gjedde et aI. , 1980) :
where CiT) (nCi/IOO g) is the 14 C brain tissue con centration at time T, Ca(t) is the arterial concentra tion time course (nCi/ml), and CBF is in the units ml 100 g -1 min -J. If mechanical integration of the ar terial concentration time course is performed with a syringe withdrawal pump, this equation can be re placed with
(2)
where Fs (ml/min) is the volumetric flow rate of the syringe pump and Q/T) (nCi) is the total activity withdrawn into the syringe at the time T. Complete extraction and no clearance of the tracer from the brain is commonly assumed, making E(T) equal to I. This assumption is satisfied if decapitation occurs at the time of maximum brain concentration. Even though 14 C_IAP may be incompletely extracted, as shown by the single-pass indicator diffusion method (Sawada et aI. , 1989) , the measurement of tissue a The mean ± SD is reported if the slope of the linear regression against P aco2 is not significantly different from zero (NS). p is reported if the slope is significantly different from zero.
concentration at peak brain concentration actually includes the unextracted portion of 14 C_IAP that is in the vascular compartment. This assumption would not be appropriate if the decapitation time was delayed, permitting backflux-the passage of 14 C_IAP from the brain back into the cerebral ve nous circulation-to occur. Thus, the diffusion lim itation of 14 C_ lAP at flows > 180 ml 100 g -1 min -1 relative to more diffusible tracers such as isopropyl amphetamine (Bryan et aI. , 1989 ), n-butanol (Van Vitert et aI. , 1981 , or \33 Xe and ethanol (Eklof et aI. , 1974) does not seriously affect the indicator fractionation technique with 14 C_IAP. If the decap itation time is chosen appropriately, a diffusion limited tracer is trapped in the vasculature and is measured as part of the brain concentration, Ct(T).
The indicator fractionation technique and the tis sue equilibration method (Reivich et aI. , 1969; Sakurada et aI. , 1978) share a major limitation that is independent of predecapitation diffusion limita tion. Recent evidence from this laboratory indicates that postdecapitation diffusion of 14 C_ lAP from high-flow areas to areas of lower flow, shown to be a major limitation with the tissue equilibration tech nique (Jay et aI. , 1988; Soncrant et aI. , 1989) , could also make quantitation with the indicator fraction ation technique inaccurate, unless quick brain freezing is used.
The indicator fractionation technique has been used in investigations of cerebral ischemia (Pul sinelli et aI. , 1982; Brint et aI. , 1988 ), brain tumor blood flow (Graham et aI. , 1987) , cortical blood flow heterogeneity (Jones et aI. , 1989a; 1989b) , ce rebral circulatory physiology (Shockley and La Manna, 1988) , spreading depression (Lauritzen, 1984) , brain extraction of various substances (Sage et aI. , 1981; Clark et aI. , 1982) , and the laser Dop pler flow technique (Dirnagl et aI. , 1989) . The ad vantages of the indicator fractionation technique are its short measurement time of approximately 10 s and that it produces a linear relationship between CBF and tissue concentration, both in contrast to the tissue equilibration technique (Reivich et aI. , 1969; Sakurada et aI. , 1978) . Its major disadvantage is the assumption of negligible backflux. Patlak et ai. (1984) concluded that the loss of tracer because of backflux was the major error in the indicator fractionation technique. The interval between intra venous injection and decapitation determines, to a large extent, the amount of tracer loss from the brain to the venous circulation, and therefore the magnitude of the backflux error. The choice of the interval between intravenous injection and decapi tation varies widely, from 5 to 20 s (Young and Chien, 1989; Van Vitert and Levy, 1978; Pulsinelli et aI. , 1982; Brint et aI. , 1988; Jones et aI. , 1989a; Shockley and LaManna, 1988; Lauritzen, 1984; Dirnagl et aI. , 1989; Graham et aI. , 1987) . If the interval is too short, the tracer will not have ade quate time to reach the brain tissue, and a lack of counts in both the brain and the syringe withdrawal pump will result. If the interval is too long, the amount of tracer withdrawn into the syringe will not correspond to the amount presented and left in the brain, because of back flux of tracer out of the brain.
If there is a wide span of CBF in the same animal, as in models of focal cerebral ischemia, focal epi lepsy, or other cerebral circulatory pathologies, cir culation times will differ for different areas of the brain. The cerebral venous appearance time for ar eas with very high CBF will be shorter than for areas with very low CBF. The optimal interval be tween intravenous injection and decapitation is be tween the longest that would permit delivery of tracer to the areas of lower flow and the shortest that would minimize backflux error from areas of higher flow. If the tracer is only partially delivered to the areas of lower flow, an underestimation of flow would occur for these low-flow areas. At the other extreme, if the tracer was delivered to a high flow area, but allowed to clear from the brain, this backflux would give rise to an underest i mat i on o f flow. Thus, a reasonable interval may underesti mate flow in both extreme low-flow states and ex treme high-flow states, if they exist in the same an imal.
For situations in which widely varying flows are expected in different animals, different decapitation times would be necessary for different animals to fulfill the assumption that the tracer is both deliv ered to and remains in cerebral tissue. The decapi tation time could be adjusted for those experimental manipUlations in which CBF is changed (Lauritzen, 1984) . This approach would potentially improve the accuracy for P aco2 reactivity studies, studies of he modilution, and global cerebral ischemia, in which the CBF can be estimated previous to decapitation. The relation depicted in Fig. IC , theoretically de rived from two different groups of rats that were prepared similarly, allows the estimation of decap itation time from CBF instead of P aco2' Because of animal-to-animal variability in both P aco2 reactivity and cerebral venous appearance time, the estimates of confidence are too large to serve as limits of pre dictability. To use Fig. 1 C as a rough guide, the estimated CBF in the experimental situation would be used to determine the minimum time interval from the y axis.
In light of the theoretical analysis of 14 C-butanol extraction by Gjedde et at. (1980) , a more elegant method of analysis for this study would have been the calculation of the extraction fraction E(1) using the formulation (3) where Cv(t) (nCi/ml) is the cerebral venous concen tration time course and the other variables have been defined previously. This extraction fraction could then be used to evaluate CBF at any decapi tation time, using Eq. 1.
However, the analysis of the data of this study with this approach was complicated by the follow ing factors. First, the retention and slow release of intravenously administered 14C_IAP by the lung (Oldendorf and Kitano, 1965 ) complicated the anal ysis by yielding a distorted arterial clearance curve (Goldman and Sapirstein, 1973) , making the neces sary correction for recirculation problematic. Secc ond, recirculation correction by the monoexponen tial extrapolation of the falling part of the arterial curve is inaccurate when compared with correction derived from the analysis of dilution curves from tracers introduced at both the input and outflow from the organ under consideration (Maseri et al., 1970) . In addition, the contamination of cerebral ve nous blood from extracerebral sources is possible in some Sprague-Dawley rats because of a shunt be tween the pterygopalatine artery and the torcular (Sawada et al., 1989) . As a consequence, the above estimate of extraction fraction would be invalid. Thus, inconsistent results would be obtained, with some animals giving spurious results. Finally, this approach would necessitate corrections that can be avoided by choosing the decapitation time at the peak brain concentration and before the cerebral venous appearance of 14C_IAP.
In summary, the indicator fractionation tech nique makes the assumption that a diffusible tracer such as 14C_IAP is trapped in the brain. With the proper choice of decapitation time, unextracted, vascular 14C is included in the measurement of 14C brain-tissue concentration. Thus, the diffusion lim itation of 14C_IAP can be neglected, while minimiz ing backflux error. This assumption is fulfilled only when the interval between injection and decapita tion is <5 s for P aco2s of 80 mm Hg (at CBFs of 350 ml 100 g-I min -I). For P aco2s of 20 mm Hg (CBFs of 85 ml 100 g -I min -I) , intervals as long as 10 s can be used.
